Retinoic acid inducible gene-I (RIG-I), named for the observation that its mRNA expression is highly upregulated in the progression of all-trans retinoic acid (ATRA)-induced maturation of acute promyelocytic leukemia (APL) cells, has been well documented as a pivotal virus-associated molecular pattern recognition receptor (PRR) responsible for triggering innate immunity. Upon recognizing viral RNA ligands, RIG-I experiences a series of programmed conformational changes and modifications that unleash its activity through the formation of complexes with various binding partners. Such partners include the mitochondria membrane-anchored protein IPS-1 (also named MAVS/VISA/Cardif) that activates both the IRF3/7 and NF-kB pathways. These partnerships and resulting pathway activations underlie the synthesis of type I interferon and other inflammatory factors. Recent studies have demonstrated that RIG-I is also involved in the regulation of basic cellular processes outside of innate immunity against viral infections, such as hematopoietic proliferation and differentiation, maintenance of leukemic stemness, and tumorigenesis of hepatocellular carcinoma. In this review, we will highlight recent studies leading up to the recognition that RIG-I performs an essential function as a tumor suppressor and try to reconcile this activity of RIG-I with its well-known role in protecting cells against viral infection.
As its name suggests, retinoic acid inducible gene-I (RIG-I) is induced by retinoic acid signaling during the myeloid maturation of acute promyelocytic leukemia (APL) cells.
1 RIG-I did not catch the attention of the broader research community until the discovery by Yoneyama et al. in 2004 that RIG-I recognizes double-stranded RNAs (dsRNA) to trigger the transcription of type I IFN via activation of IRF3 and NF-kB.
2 RIG-I is regarded as the proband member of the so-called RIG-I like receptor (RLR) family that also includes 2 other homologous molecules, melanoma differentiation associated gene 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2). [3] [4] [5] All RLR member proteins are expressed in most cell types. Structurally, RIG-I protein features 2 N-terminal caspase activation and recruitment domains (CARD), a linker region, a DExD/ H helicase core, a pincer, and a C-terminal regulatory domain (CTD). 6 Evolutionary analysis of the 3 RLR genes in mammals indicates that all identified domains/regions are enriched with target sites for positive selection, indicating the essential role of each of these domains/regions for the biological functions of RIG-I. Subsequent studies have quickly accumulated, delineating the structure-function relationship of these individual domains and how they collaborate to fulfill the function of RIG-I as a cytosolic pattern recognition receptor (PRR) that senses viral RNA invasion. 3, [5] [6] [7] [8] [9] [10] [11] [12] In the current model, host cells devoid of active viral infection express RIG-I in an autoinhibited conformational state, with its CARD2 locked by tethering with the Hel2i domain of the helicase core. 6 Upon invasion of the cytoplasm by viral RNA, a programmed conformational change occurs that proceeds through the sequential recognition of a 5 0 -ppp extremity and a paired RNA duplex (which together form the cognate viral RNA ligands) and also requires ATP for the CTD and helicase core. Next, with the help of the flexible elbowlike pincer domain and activation of the ATPase of helicase core, the N-terminal CARDs are released for polyubiquitination, resulting in RIG-I polymerization and physical association with the mitochondria protein IPS-1 (also named MAVS/VISA/Cardif) or other partners. The physical association of RIG-I with such partner molecules transduces viral RNA sensing into activation signals that induce the production of type-I interferon (IFN) and proinflammatory factors by the infected cells. propagation of viral particles. Interestingly, it was then discovered that RIG-I activation by RNA ligands in melanoma cells also triggers apoptosis together with induction of the proapoptotic proteins Puma and Noxa, which depends on IPS-1 activation as well as TNFa or Trail induction but not type I IFN induction and the p53 pathway. 13 Continuing this line of research, a recent study indicated that foreign RNA-primed RIG-I, but not unprimed RIG-I, associates with caspase 9, a potent initiator of apoptosis, in human head and neck squamous cell carcinoma (HNSCC) cells, most likely through a hemophilic CARD association similar to that mediating conventional RIG-I/IPS-1 association.
14 These 2 studies provided a mechanistic basis for the notion that activation of the IPS-1 pathway by foreign RNAprimed RIG-I might be exploited to kill tumor cells. Nevertheless, the relative functional contribution of these 2 pathways remains to be clarified if any RIG-I-mediated antitumor treatments are to be successful. Some groups have attempted to develop an active cellular vaccine based on the idea that these apoptotic tumor cells harboring foreign RNA-activated RIG-I also secrete type I IFNs together with other types of immunostimulatory cytokines. 3 A pioneering study was reported by Poeck et al., who delivered a 5 0 -ppp siRNA against the antiapoptotic protein Bcl-2 into melanoma cells in vitro and in vivo; this not only silenced Bcl-2 and stimulated the RIG-I/IPS-1 pathway leading to the apoptosis of tumor cells, but also created a para-micromilieu full of type I IFNs that helped turn an immunosuppressive microenvironment into an immunosupportive microenvironment. 13 A similar study was performed by Ellermeier et al., who focused more on the regulation of tumor immunosurveillance. They employed a synthetic 5 0 -ppp siRNA against TGF-b1, which has been shown to play a critical role in the growth, invasion, and metastasis of pancreatic cancer. 15, 16 This bifunctional siRNA showed significant therapeutic efficacy in a murine model of pancreatic cancer, as evidenced by extensive apoptosis of tumor cells, induction of type I IFN and CXCL10, and recruitment of activated CD8 C T cells. As expected, the delivery of replication-incompetent virus (such as HVJ-E) or ordinary RIG-I ligands (such as Poly I:C or 5 0 -ppp RNA) drove potent induction of apoptosis in multiple types of human tumor cells including prostate cancer, mammary carcinoma, lung cancer, and glioblastoma cells. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] However, an important unresolved issue is how these apoptosis-inducing effects mediated through foreign RNA-primed RIG-I are seemingly able to spare nonmalignant cells. Taken together, these studies suggest the attractive possibility of exploiting the RIG-I-IPS-1 pathway within tumor cells in order to convert them into potent vaccines that can overcome the limitations of conventional therapeutic methods of immunization. 17 Hypothetically, it may even be possible to use multiple types of RNA ligands in a combinatory manner in future studies, which may further optimize this RIG-I strategy and enhance the therapeutic benefits to patients.
An interesting, but not thoroughly examined, consideration is whether RIG-I can activate IPS-1 via a mechanism independent of foreign RNA stimulation. Notably, the study by Liu et al. indicated that induction of RIG-I by aging or certain stress conditions (such as irradiation, but not foreign RNA delivery or viral infection), most likely through activation of the ataxia telangiectasia mutated-interferon regulatory factor 1 (ATM-IRF1) pathway, resulted in the secretion of key inflammatory cytokines such as IL-6 and IL-8 in senescent cells. They further showed that secretion of these cytokines depends on the activation of IPS-1. 26, 27 Although this phenomenon cannot be completely explained by the current model of RIG-I activation, 3 it is likely that certain unknown modifications of RIG-I imposed by stressresponse pathways might be capable of unlocking the internal tethering forces between domains that prevent RIG-I from physically associating with and activating IPS-1.
The Recognition of Endogenous mRNAs by RIG-I
The nature of cognate RNA ligands recognized by RLR represents the most-explored aspect of RIG-I-related studies. 3 In vitro biochemical studies and 3-dimensional structural analysis have documented that purified full-length RIG-I protein has an affinity for 5
0 -ppp blunt-ended dsRNA hundreds of times greater than that for the over-hanging or 5 0 -OH features characteristic of the endogenous RNA molecules. Although this observation explains how RIG-I is able to discriminate between self RNA and viral RNA, a recent study has raised the possibility that in cells devoid of active viral RNA production, RIG-I might also modulate the metabolism of certain endogenous RNAs via direct physical association, most likely through forming a complex with other partner proteins or RNA molecules. 28 Using RNA immunoprecipitation of lysates of murine B lymphocytes, Zhang et al. found that His-tagged foreign Rig-I protein had binding affinity for hundreds of endogenous mRNA molecules, including those encoding many potential oncoproteins (such as NF-kB) and oncorepressors. 28 Further analysis indicated that this type of physical association was mediated mainly by the recognition of conserved tandem motifs located within the 3 0 UTR of NF-kB mRNA by Rig-I in complex with other proteins or with rRNA, which facilitates the translation of NF-kB mRNA. Compared with a control RNA moiety, these tandem motifs have an increased tendency to form RNA duplexes, and 3-dimensional structure prediction suggested that they might also tightly associate with the helicase domains and CTD of Rig-I protein. Nevertheless, it remains unclear whether the affinity of RIG-I for tandem motifs is comparable to that between RIG-I and 5 0 -ppp blunt dsRNA. Since the physical association between RIG-I and tandem motifs did not trigger IPS-1 activation, it is possible that the binding between tandem motifs and RIG-I does not displace the tethering lock that exists between the CARD2 and Hel2i domains.
Viral RNA-Unprimed RIG-I Acts as a Tumor Repressor
Given that RIG-I mRNA is highly upregulated during ATRAinduced differentiation of APL cells, 1 studies were performed to test whether the expression of RIG-I functionally contributes to the myeloid differentiation of normal hematopoietic or leukemic progenitor cells. RIG-I was shown to play an essential role in ATRA-induced inhibition of leukemic cell proliferation and promotion of leukemic cell differentiation. 29, 30 Moreover, phenotypic analysis of Rig-I-targeted mice revealed that Rig-I also plays an essential role in negatively regulating myelopoiesis, as a high rate of myeloproliferative disorders developed in Rig-I ¡/¡ mice and could be rescued by the restoration of expression of Irf8, a classic interferon stimulatory gene (ISG). 31 As the ATRAinduced myeloid differentiation model and the breeding conditions of Rig-I C/C or Rig-I ¡/¡ mice are ideally devoid of any active viral infection and IPS-1 activation, it is interesting to speculate whether, in addition to functioning as a viral RNA sensor, RIG-I possesses other basic physiological or pathological functions when maintained in the dormant state for triggering IPS-1 activation. In line with this notion, a recent independent study provided evidence that Rig-I deficiency predisposed hepatic tissue to the development of hepatocellular carcinoma, as induced by the chemical carcinogen DEN in the absence of hepatitis viral infection. 32 Other studies corroborated this finding, showing that RIG-I plays important roles in phagocytosis of bacteria and migration of immune cells, neither of which involve active viral RNA production. This particular function is most likely mediated via interactions of Rig-I with cytoskeletal proteins. [33] [34] [35] In the context of the differentiation course for normal or leukemic myeloid progenitors, as well as the carcinogenesis of hepatocellular carcinoma and its treatment by type I IFN, 2 relatively independent RIG-I-related mechanisms have been documented (Fig. 1) 32 Mechanistic studies showed that IFNa signaling, in the absence of any introduced foreign RNA ligands, induced a RIG-I/ STAT1 physical association via tethering of the RIG-I CARDs with the STAT1 SH2-transactivation (SH2-TA) domain, thereby competitively impeding the dephosphorylation and inactivation of STAT1 by the phosphatase SHP1, which requires prior recognition of the STAT1 SH2-TA domain by SHP1. 32 Taken together, these results indicate that in the absence of priming by foreign RNA ligands the CARDs of RIG-I are not completely buried by the helicase core as previously assumed. This would allow certain parts of the RIG-I CARDs to remain accessible to recognition by activated STAT1.
Second, mechanistic analysis of myeloid differentiation and proliferation of leukemia cell lines after doxycycline-induced upregulation of RIG-I led to the discovery that RIG-I suppresses the tyrosine phosphorylation and activation of AKT by blocking AKT recognition by Src, a well-known oncoprotein, in a STAT1 activation-independent manner. 30 Consistent with this finding, the RIG-I expression level was negatively correlated with AKT phosphorylation at T308, whose level was as least partly facilitated by Src in primary human leukemic blasts and is an indicator of poor prognosis in leukemia patients. Domain mapping identified a classic well-conserved PxxP motif within the linker region between the CARDs and the helicase core. Further studies presented a working model of cooperation between RIG-I CARDs and the PxxP motif in disrupting the association of AKT and Src. This is mediated through physical association established initially by tethering RIG-I CARDs with the SH1 domain of active Src, whereupon the RIG-I PxxP motif effectively occupies the SH3 domain of Src thereby competitively preventing the association of Src SH3 with AKT PxxP that underlies the AKT/Src interaction. Importantly, this pathway was shown to contribute to negative regulation of oncogenic cytokine-stimulated proliferation of primary myeloid progenitors and in vivo maintenance of leukemic stemness. This RIG-I/Src association was actually inhibited by exposure to RIG-I RNA ligands both in vitro and in vivo, indicating that the active state of RIG-I associated with viral RNA is conformationally inaccessible to active Src. Taken together, these results indicate that cytosolic RIG-I may alternate between 2 alternative conformational and functional states depending upon whether it is primed by foreign RNA ligands (Fig. 1) .
A Possible Contribution of Viral RNA-unprimed RIG-I to the Limitation of Viral Propagation
It is interesting to ask whether the regulatory activity of viral RNA-unprimed RIG-I on STAT1 activation or on AKT activation by Src (which is seemingly unrelated to the classic function of RIG-I in sensing viral invasion), would contribute to antiviral immunity. 29, 30 Here, we propose a model in which an active but viral RNA-unprimed RIG-I molecule in bystander tissue cells (in the vicinity of the virally-infected budding tissue cells), plays a critical role in the quarantine of viral propagation (Fig. 2) . It is well accepted that type I IFNs secreted by the first batch of virusinfected host cells with an active RIG-I-IPS-1 pathway diffuse into the surrounding tissue and activate ISG induction in bystander cells through the JAK-STAT1/2 pathway. This paracrine signaling of IFNs contributes greatly to the restriction of infectious foci. [36] [37] [38] We have previously shown that upregulation of RIG-I in normal cells via IFN signaling plays an essential positive feedback role in ISG induction. 31 The capacity of upregulated RIG-I to amplify STAT1 activation without being primed by viral RNA allows the bystander cells to fully arm themselves prior to their encounter with invading viruses. The functional contribution of negative regulation of Src-AKT activation by the upregulated RIG-I is not clear. Nevertheless, it can be postulated that inactivation of the AKT-mTOR pathway in bystander cells may facilitate clearance of infective viral entities through the activation of autophagy. 30 In support of this, a previous study showed that RIG-I physically associated with and facilitated the activation of Atg5-Atg12, major components of autophagic vesicle formation. 10 We propose that the observed antiviral effect of RIG-I results from both its virus-sensing function that triggers type I IFN production and from the promotion of the effective phase of IFN signaling, especially within bystander cells. 13, 15, 16, 18, 19, 22, 23, 29 In addition to its antiviral role, the activities of RIG-I in the effective phase of antiviral immunity employ the same sets of mechanisms that underlie the regulation of proliferation and differentiation of leukemia or hepatocellular cells.
Future Perspectives
Almost 10 years of intensive research represent continued attempts of the scientific community, mainly but not exclusively immunologists, to understand the biological activities associated with RIG-I and the other two RLR members. [4] [5] [6] 11, 20, 22, 40, 41 However, compared with the general understanding of RIG-I's role as a viral RNA sensor, the functions and the underlying mechanisms of RIG-I in other biological settings are much less well explored. 23, 25, 26, [29] [30] [31] [32] 38, 39, [42] [43] [44] [45] It is likely that more molecular features and functions of RIG-I will be uncovered in the following years. In light of the important roles of RIG-I in a variety of basic biological processes, understanding how these novel RIG-I activities are regulated will represent an important direction for the field. A more comprehensive and detailed understanding of the molecular features of RIG-I will most likely lead to the development of new therapeutic strategies, not only for infectious and immunological diseases but also for cancer.
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